There is evidence that these functional differences not only reflect modifications in the abundance and isoforms of sarcomeric proteins but also in the modulation of sarcomeric protein phosphorylation. Yet our understanding of changes in sarcomeric protein phosphorylation in development is incomplete. In the experiments reported here, we first quantified the intact sarcomeric protein phosphorylation status between neonatal and adult rat hearts by employing comparative two-dimensional (2-D) gel electrophoresis in conjunction with phosphoprotein-specific staining. Subsequently, we measured phosphorylation changes at the peptide level by employing high-resolution linear ion trap-Fourier transform (LTQ-FT) mass spectrometry analysis of titanium dioxide-enriched phosphopeptides differentially labeled with 16 O/
O during in-gel digestion. We also employed Western blot analysis using phosphorylation site-specific antibodies to measure phosphorylation changes. Our data demonstrated the novel finding that phosphorylation levels of myosinbinding protein C (MyBP-C) at Ser 295 and Ser 315 as well as tropomyosin at Ser 283 increased, whereas phosphorylation levels of MyBP-C at Ser 320 and myosin light chain 2 at Ser 15 decreased in neonatal hearts compared with the same sites in adult hearts. Although our data highlight the significant challenges in understanding relations between protein phosphorylation and cardiac function, they do support the hypothesis that developmental changes in the modulation of protein are functionally significant and correlate with the prevailing physiological state. neonatal; phosphorylation; 18 O labeling; titanium dioxide; quantitative mass spectrometry; two-dimensional gel; tropomyosin; myosin light chain 2; myosin-binding protein C THE CELLULAR REGULATION of cardiac contraction and relaxation is tuned to the changing hemodynamic demands associated with the development of neonatal to adult hearts (22) . In the case of sarcomeric proteins, there are shifts in the isoform population as well as an altered modulation by phosphorylation (1, 21) . Two well-studied examples of these modifications are the isoform switching of myosin heavy chains (MHCs), troponin I (TnI) from the slow skeletal variant (ssTnI) to the cardiac variant (cTnI), and shifts in the isoform population of cardiac troponin T (cTnT) from the neonatal isoform (cTnT 1 ) to shorter adult isoforms (cTnT 3 and cTnT 4 ) (21, 29, 30) . TnI is the inhibitory component of the troponin complex, and TnT is a tropomyosin (Tm)-binding component unit; both proteins are critical to the regulation of the actin-myosin reaction (17, 30) .
Understanding the modifications of sarcomeric function associated with these two changes has provided valuable insights into cardiac regulation and new concepts of regulation at the level of the sarcomere (for a review, see Ref. 17) . Moreover, reexpression of fetal and neonatal proteins in disorders of the adult heart (16) makes it important to fully understand the developmental transitions in the structure and function of regulatory proteins of the sarcomere. Developmental modifications in sarcomere proteins are also relevant to the therapeutic use of stem cells.
Although it is clear that the advanced understanding of functional regulation during cardiac development requires the knowledge of changes to sarcomeric protein phosphorylation levels, this knowledge is lacking for key regulatory proteins other than TnT and TnI. There is strong evidence that modifications in myosin-binding protein C (MyBP-C), Tm, and myosin light chain 2 (MLC2) are functionally significant, yet how their phosphorylation changes with development is unknown. In the experiments reported here, we employed a proteomic approach to quantify phosphorylation changes to these sarcomeric proteins between neonatal and adult rat hearts.
An important aspect of our study was the use of cutting-edge proteomic techniques. These approaches include relative protein quantification with two-dimensional (2-D) difference gel electrophoresis (2D-DIGE) (24, 32) and relative peptide quantification with 16 O/ 18 O labeling (28) . We used titanium dioxide (TiO 2 ) (18, 25) to enrich phosphopeptides from in gel digestion. We employed high-resolution linear ion trap-Fourier transform (LTQ-FT) mass spectrometry, which offers two complementary peptide activation methods, collision-induced dissociation (CID) and electron capture dissociation (ECD) (6) , to facilitate phosphorylation site determination. Using these techniques along with Western blot analysis, we successfully quantified changes to several phosphorylation sites from three differentially expressed proteins, MyBP-C, Tm, and MLC2. Our data indicate that developmentally regulated phosphorylation changes can occur in opposite directions between different myofilament proteins and between different sites within the same protein.
MATERIALS AND METHODS
Additional descriptions of materials and methods are reported as Supplemental Data. 1 Isolation of myofilament proteins. Animal care and use were performed in accordance with the Institutional Animal Care and Use Committee and National Institutes of Health (NIH) guidelines. The isolation of neonatal (1-2 days old) and adult (6 -7 mo old, both genders) Sprague-Dawley rat hearts was performed as previously described (5, 38) . Myofibrillar fractions were immediately prepared from excised hearts as previously described (19) .
Gel electrophoresis and Western blot analysis. We performed one-dimensional gel electrophoresis, Western blot analysis, 2D-DIGE (GE Healthcare, Piscataway, NJ), and ProQ Diamond staining (Invitrogen, Carlsbad, CA) as previously described (19, 38) . 2D-DIGE data were analyzed with DeCyder software (GE Healthcare). Protein changes (in %) from adult to neonatal samples are expressed as means Ϯ SE, and changes with P values of Ͻ0.05 were considered statistically significant. A phospho-Tm Ser 283 antibody was manufactured by 21st Century Biochemicals (Marlborough, MA). A phospho-PKC substrate antibody was purchased from Cell Signaling (Danvers, MA). A total MLC2 antibody was purchased from Axxora (San Diego, CA). Western blot images were quantified with ImageJ software (NIH, Bethesda, MD). The intensity of bands detected by the phosphorylation-specific antibody was normalized against that detected by the pan antibody and compared between neonatal and adult cohorts using Student's t-test. Data are expressed as means Ϯ SE, and P values of Ͻ0.05 were considered statistically significant.
In-gel digestion and peptide mass fingerprinting. In-gel digestion of differentially expressed proteins identified from 2D-DIGE was performed as previously described (37, 38) . Matrix-assisted laser desorption/ionization (MALDI) analysis was performed with an Applied Biosystems (Foster City, CA) Voyager DE-Pro mass spectrometer in reflector mode. We used ␣-cyano-4-hydroxycinnamic acid as the MALDI matrix. Peptide mass fingerprinting (PMF) was performed using the ProFound search engine. We used the following search parameters: missed cleavage ϭ 1, mass tolerance Ͻ 30 ppm, National Center for Biotechnology Information (NCBI) mammalian database (2007/10/01), and cysteine treated with iodoacetamide. Identifications with Z scores over 1.5 were considered high confidence. All protein identifications were confirmed by comparing our data with an existing 2-D gel database for the rat heart (http://www.mpiib-berlin.mpg.de/ 2D-PAGE/RAT-HEART/2d/2d.html) and our previous 2-D gel analysis of canine hearts (38) . 16 18 O water (95% pure, SigmaAldrich). A stock solution of NH 4HCO3 (1.0 M) was added to the Fig. 1 . Two-dimensional (2-D) gel analysis of neonatal and adult rat myofilament proteins. Sarcomeric proteins extracted from neonatal (n ϭ 6) and adult (n ϭ 6) rat hearts were labeled with Cy3 (green) or Cy5 (red). A pool was created by mixing equal amount of all 12 samples, and this pool was labeled with Cy2. Then, 15 g of differentially Cydye-labeled proteins were combined and separated by 2-D electrophoresis, with the isoelectric focusing (IEF) performed with 24-cm, pI range 3-11 IPG (immobilized pH gradient) strips (GE Healthcare). At the end of the IEF, IPG strips were cut into 3 pieces of 7 cm in length, and proteins were separated by molecular weight with three 4 -12% bis-Tris gels (Invitrogen). A: representative stitched Cy3/Cy5 image overlay (pI 3-11) is shown. Consistently changed protein spots are indicated. MHC, myosin heavy chain; MyBP-C, myosin-binding protein C; Tm, tropomyosin; MLC, myosin light chain; TnT, troponin T; cTnI, cardiac isoform of troponin I (TnI); ssTnI, slow skeletal isoform of TnI. B: separate views of Tm, MLC2, and MyBP-C are shown. Additional 2-D gels were run using Cy2-labeled proteins (15 g/gel) and stained with Diamond ProQ for the codetection of total protein (Cy2) and phosphoprotein (ProQ). ProQ staining of adult Tm, MLC2, and MyBP-C spots is also shown in B. Cy2 images (not shown) were used to align ProQ images with difference gel electrophoresis (DIGE) images. P, phosphorylated spot; U, unphosphorylated spot. Spot volume changes (in %) from adult to neonatal samples were calculated using DIGE data and are expressed as means Ϯ SE. *P Ͻ 0.05. reaction to achieve a final concentration of 10 mM and a reaction pH of ϳ6.5. This pH facilitated carboxyl oxygen exchange (11) . Frozen stocks of sequencing grade trypsin (0.5 mg/ml, Promega, Madison, WI) were added directly to the reaction. A higher enzyme-to-protein ratio (1:4 instead of 1:20) was used to compensate for the nonoptimal amidase activity of trypsin at pH 6.5 (11) , and the reaction was carried out for an extended time (20 h instead of 16 h) to ensure complete digestion. At the end of digestion, peptides were extracted with 50% acetonitrile (ACN)-0.1% trifluoroacetic acid (TFA), and equal amounts of 16 O-and 18 O-labeled in-gel digests were combined for TiO2 enrichment of phosphopeptides. We always labeled fewer phosphorylated samples with 16 O as this enabled easy identification of COOH-terminal fragment ions (y and z) in MS2 spectra (see examples in Supplemental Fig. 3B ).
TiO 2 enrichment and MALDI-time of flight analysis of phosphopeptides. TiO2 Nutips (Glygen, Columbia, MD) were washed with binding buffer (10% ACN-2% FA), then with 10 mg/ml dihydroxybenzoic (DHB; Sigma-Aldrich) freshly prepared in binding buffer, and finally with binding buffer again until removal of the yellow color of DHB. To ensure the maximum binding of phosphopeptides to TiO 2 Nutips, we aspirated and dispensed samples for 3 min. Nutips were then washed as before, and bound peptides were eluted with 10 l of 100 mM NH4OH (pH 11.5). To reduce the pH, 10 l of 4% formic acid solution was added. To further clean up the enriched peptides, C18 Ziptips (Millipore, Billerica, MA) were used, and the bound peptides were eluted with 8 l of 50% ACN-0.1% formic acid. About 0.5 l of the Ziptip eluate was used for MALDI-time of flight (TOF) analysis, and the remaining solution was used for LTQ-FT analysis. During MALDI analysis, phosphopeptides were identified by characteristic Ϫ80-and Ϫ98-Da neutral loss peaks present in post-source decay (PSD) MALDI spectra (2) . These peptides were further analyzed by LTQ-FT (Thermo Fisher, San Jose, CA) for phosphorylation site determination as described below.
LTQ-FT mass spectrometry. TiO 2-bound fractions were directly loaded into empty PicoTip emitters (1.2 mm outer diameter and 0.94 mm inner diameter, standard coating, NewObjective, Woburn, MA) for static spray analysis. Loaded emitters were mounted onto the static probe included in Finnigan's nano spray ionization kit (Thermo Fisher). Peptide peaks detected in LTQ-FT full scans were manually selected for MS2 analysis. FT was used for both full and MS2 scans. ECD was employed when CID failed to locate the phosphorylation site. CID and ECD parameters were experimentally determined to give the optimal peptide fragmentation pattern. Both full scans and MS2 scans were performed for 1 min at a resolution of 10,000. TiO 2-unbound fractions of MLC2 digests were analyzed by static spray. TiO2-unbound fractions of MyBP-C digests were analyzed by liquid chromotography/mass spectroscopy/mass spectroscopy (LC/ MS/MS) with a Michrom Paradigm HPLC system (Auburn, CA). Details of LC/MS/MS and the subsequent database search can be found in the Supplemental Data.
Mass spectrometry data analysis. Peptide sequences and phosphorylation sites were determined manually using the static spray data. Quantification of 16 O/ 18 O mass spectrometry data was performed using the algorithms described in a previous report (8) . Changes to selected phosphopeptides were normalized against protein loading, which was calculated as the average ratio of unphosphorylated peptides present in the TiO 2-unbound fraction. Data from three separate experiments are reported, and changes are expressed as means Ϯ SE. The obtained 16 O-to- 18 O ratios were analyzed by Student's t-test, and P values of Ͻ0.05 were considered statistically significant.
RESULTS
Gel electrophoresis. Sarcomeric proteins extracted from neonatal (n ϭ 6) and adult (n ϭ 6) rat hearts were analyzed by 2D-DIGE (Supplemental Fig. 1) . A representative gel image is shown in Fig. 1 . Differentially expressed proteins (shown in Fig. 1 ) were identified by MALDI-TOF analysis in conjunction with PMF (Supplemental Table 1 ). Changes to MHC (7), TnT (15), TnI (10), and fetal MLC (MLC4) (3) have been previously reported; therefore, these were not further investigated in the present study. The changes in MyBP-C, Tm, and MLC2 expressions were novel. To obtain phosphorylation information of individual spots, fluorescent Cy2-labeled protein were separated by 2-D electrophoresis and subsequently stained with ProQ Diamond (Supplemental Fig. 2 ) for the codetection of total protein (Cy2) and phosphoprotein (Pro-Q Diamond). Figure 1B shows the enlarged ProQ Diamond stains of MyBP-C, Tm, and MLC2 spots along with their total protein stains from the 2D-DIGE analysis described above. The degree of phosphorylation was calculated as the ratio of ProQ to total stain intensities. Quantitative comparison of selected spots was performed using the 2D-DIGE data and expressed as changes from adult to neonatal samples (Fig. 1B) . As previously reported in canine heart tissue, rat MyBP-C resolved as multiple spots with increasing degrees of phosphorylation from the basic end to the acidic end of 2-D gels. Compared with adult samples, neonatal samples demonstrated a shift of the MyBP-C population toward the acidic end of 2-D gels, indicating increased phosphorylation levels of neonatal MyBP-C. Tm ran as two spots. ProQ Diamond staining indicated that the acidic spot (P) was phosphorylated and the basic one (U) was not. In neonatal samples, the phosphorylated Tm spot (P) increased significantly (44.3 Ϯ 2.8%, n ϭ 6) and the unphosphorylated Tm spot (U) decreased significantly (Ϫ73.4 Ϯ 8.2%, n ϭ 6) compared with the same spots in adult samples. Two of three MLC2 spots (P1 and P2) were phosphorylated, and their combined intensities decreased significantly (Ϫ47.7 Ϯ 8.2%, n ϭ 6) in neonatal hearts compared with adult hearts. To further characterize changes in these three phosphoproteins at peptide and amino acid residue levels, we performed detailed mass spectrometry and Western blot analysis as described below. 295 and Ser 315 increased and phosphorylation levels of Ser 320 decreased in neonatal hearts. MyBP-C is a relatively large protein (150 kDa, pI 6.4) with at least five known phosphorylation sites (see the peptide sequence in Fig. 2A ) clustered in its NH 2 -terminal region (38) . MyBP-C is believed to affect cross-bridge kinetics by acting as a "brake," which is released by phosphorylation (9). There are two functional studies (26, 27) using transgenic mice, designated as AllP Ϫ and AllP ϩ , in which three cardiac MyBP-C phosphorylation sites were simultaneously mutated to either unphosphorylatable or pseudophosphorylated resi- The phosphorylation site was determined to be at Ser 283 . B: Western blots using antibodies specific to phospho-Ser 283 and total Tm confirmed increased levels of phosphorylation of Tm at Ser 283 in neonatal samples. Fig. 6 . Phosphorylation levels of MLC2 at Ser15 are decreased. Only one phosphopeptide was detected from the TiO2-enriched fraction of MLC2 in-gel digests, and its CID-MS2 spectrum is shown along with the determined sequence in A. Phosphorylation is indicated by "p" and oxidation is indicated by "o." Analysis O 16 /O 18 data indicated that the peptide bearing phospho-Ser 15 decreased significantly from adult to neonatal samples, whereas the total protein load was about same, as indicated by the near 1:1 ratio of unphosphorylated peptides present in the TiO2-unbound fraction (see representative spectra in B; additional spectra are shown in Supplemental Fig. 9) . The detected lower level of phosphorylation of MLC2 at Ser 15 in neonatal samples was confirmed by Western blots (C) using a total MLC2 antibody and an anti-phospho-MLC2 Ser 15 antibody.
MyBP-C: phosphorylation levels of Ser
dues. However, the phosphorylation status of individual sites on MyBP-C and their dynamic changes under different physiological or pathological conditions remain largely unknown. In this study, we performed MALDI analysis of total ( Fig.  2A, top) and TiO 2 -bound ( Fig. 2A, bottom) fractions of MyBP-C in-gel digests. Subsequently, we performed PSD-MALDI analysis and identified two phosphopeptides (indicated as P1 and P2 in Fig. 2A ) by their characteristic neutral loss (Ϫ80 and Ϫ98 Da) peaks (Fig. 2B) . These two phosphopeptides were undetectable before TiO 2 enrichment. To map the phosphorylation sites and obtain quantification information, differentially 16 O/ 18 O-labeled P1 and P2 peptides were subjected to LTQ-FT analysis using the static spray mode. Initial CID analysis of peptide P1 failed to locate the phosphorylation site unambiguously ( Supplemental Fig. 3) ; therefore, we performed ECD analysis, and the resulting MS2 spectrum (Fig. 3A) pinpointed the phosphorylation at Ser 295 . The subsequent analysis of 16 O/ 18 O data demonstrated a significant increase of phosphorylation levels at Ser 295 (81.1 Ϯ 14.4%, n ϭ 3, P Ͻ 0.05) in the neonatal heart after normalization using 16 O-to- 18 O ratios of unphosphorylated peptides present in the TiO 2 -unbound fraction (see representative spectra in Fig. 3C ; a detailed description 18 O labeling, mass spectroscopy, and data analysis can be found in Supplemental  Figs. 3-6 ). Peptide P1 contains another potential phosphorylation site at Ser 297 , but fragment ions supporting its phosphorylation were not found in either CID or ECD MS2 spectra; therefore, we concluded that Ser 297 is not phosphorylated in rat hearts under basal functional states. Phosphorylation of Ser 297 was first reported in our previous study (38) using canine hearts after ischemia-reperfusion (I/R) injury. Therefore, our present data indicated that phosphorylation at Ser 297 was likely species specific or I/R induced. Figure 3B shows CID-MS2 spectrum of peptide P2. Phosphorylation was unambiguously located at Ser 320 . Surprisingly, compared with the adult sample, there was a significant decrease (Ϫ59.5 Ϯ 7.4%, n ϭ 3, P Ͻ 0.05) in the phosphorylation at Ser 320 of neonatal MyBP-C (see the selected spectrum in Fig. 3C ). Peptides containing the remaining two potential phosphorylation sites, Ser 286 and Ser 315 (indicated with dashed lines in the peptide sequence shown in Fig. 2A ), were not detected in either TiO 2 -bound or -unbound fractions, likely due to their smaller sizes. However, a commercially available antibody, the phospho-PKC substrate antibody from Cell Signaling, can detect the phosphorylation of Ser 315 specifically, and we validated this motif antibody's specificity with synthesized peptides phosphorylated in vitro at Ser 315 (36) . Using this motif antibody and total MyBP-C antibody, we demonstrated that phosphorylation levels of Ser 315 were higher (7.1 Ϯ 1.2-fold, n ϭ 8, P Ͻ 0.01) in neonatal hearts compared with adults hearts (Fig. 4) .
Tm: phosphorylation levels of Ser 283 increased in neonatal hearts. Tm (38 kDa, pI 4.5) is a major regulatory myofilament protein. During the diastolic stage of the cardiac cycle, Tm strands block myosin-binding sites. When Ca 2ϩ binds to the troponin complex, a series of conformational changes leads to the movement of Tm away from myosin-binding sites, attachment and reaction of myosin heads with the thin filament, and eventually force generation driven by ATP hydrolysis. Striated muscle Tm has only one previously reported phosphorylation site at the penultimate COOH-terminal amino acid (20) . Currently, the function of Tm phosphorylation remains poorly understood, although there is in vitro evidence from studies using reconstituted thin filament preparations that phosphorylation of Tm affects its affinity for TnT and actin and also affects end-to-end interactions between contiguous Tm strands along the thin filament (13) . These effects of Tm phosphorylation would be expected to enhance the sensitivity of myofilaments to Ca 2ϩ . In this report, we detected the phosphorylated COOH-terminal tryptic peptide as well as its Met-oxidized form from the TiO 2 -enriched fraction of Tm in-gel digests using PSD-MALDI-TOF (Supplemental Fig. 7) . The location of phosphate group was mapped to the penultimate COOH-terminal amino acid, Ser 283 , using LTQ-FT and ECD (Fig. 5A) . Because COOH-terminal peptides of Tm cannot be 18 O labeled during trypsin digestion (data not shown), we quantified Tm phosphorylation changes using a custom-made phosphorylation site-specific antibody (see its specificity in Supplemental Fig. 8 ). After being normalized to the total Tm intensity, phospho-Tm signals were significantly higher (47.7% Ϯ 7.9%, n ϭ 8; see representative data in Fig. 5B ) in neonates, and this quantification was consistent with our 2D-DIGE (44.3 Ϯ 2.8%) data. Although predicted to occur in data from an earlier study (12) , our data explicitly demonstrated an increase of Tm phosphorylation in neonatal hearts and pinpointed the change at residue Ser 283 . MLC2: phosphorylation levels of Ser 15 decreased in neonatal hearts. MLC2 (18 kDa, pI 5.2), also known as the regulatory light chain, is partially phosphorylated in hearts during basal levels of function (35) . Ser 15 of cardiac MLC2 was thought to be phosphorylated because its counterpart on smooth muscle MLC2, Ser 19 , could be readily phosphorylated in vitro (14) . In the present report, we confirmed the phosphorylation of Ser 15 in rat cardiac MLC2 after TiO 2 enrichment and CID-MS2 analysis (Fig. 6A) . To quantify changes to this site, differentially 16 O/ 18 O-labeled peptides were analyzed by LTQ-FT. Compared with unphosphorylated peptides present in TiO 2 -unbound fractions, the amount of phosphopeptide bearing phospho-Ser 15 was significantly reduced in neonatal hearts (Ϫ63.1 Ϯ 5.2%, n ϭ 3, P Ͻ 0.05; see selected spectra in Fig.  6B and Supplemental Fig. 9 ). To validate this change, we obtained a newly developed cardiac MLC2 phospho-Ser 15 antibody (see its specificity in Supplemental Fig. 10 ). We then used this antibody and a total MLC2 antibody to probe onedimensional electrophoresis-separated sarcomeric proteins (see representative images in Fig. 6C) . Quantification of the resulting Western blots showed a significant decrease of phosphorylation levels at MLC2 Ser 15 (Ϫ60.8 Ϯ 4.6%, n ϭ 8, P Ͻ 0.01) in neonatal samples, and these data were consistent with our mass spectrometry data.
The presence of two phosphorylated MLC2 spots on our 2-D gels (Fig. 2) indicated the likelihood of a second phosphorylation site. Moreover, in the case of smooth muscle MLC2, the use of a relatively high kinase concentration induced an additional phosphorylation at an unidentified Thr residue in addition to phosphorylation of Ser 19 (14) . However, we were unable to detect a second phosphorylation site in rat cardiac MLC2, even when we used additional proteases (Lys-C and Glu-C) for in-gel digestion to increase the sequence coverage (data not shown). Interestingly, when our samples were subjected to higher resolution 2-D electrophoresis analyses, the larger phosphospot (spot P1) was separated into two spots, and one of them was not phosphorylated (Supplemental Fig. 11 ). Similar results have been obtained in a previous study (35) on human MLC2, in which this extra spot was attributed to posttranslational modifications other than phosphorylation. Therefore, whether there is a second phosphorylation site in cardiac MLC2 remains unknown.
DISCUSSION
Our data add to the increasing information on the functional significance of the multiple-protein phosphorylation that occurs in the cardiac sarcomere and emphasize the complexity of analytical approaches and interpretation of the data.
Our hypothesis is that the constellation of sarcomeric protein phosphorylation represents a balance appropriate to the prevailing physiological situation. In the case of the developing embryonic/neonatal heart versus the adult heart, in which the prevailing physiological state is different (22) , it is not surprising that there are differences in the phosphorylation of sarcomeric proteins, as reported here. Moreover, the relative proportions of intracellular organelles differ between the two age groups, and there are differences in the expression of proteins regulating the contraction/relaxation cycle, including a lower myofibrillar mass and sarcoplasmic reticulum membrane area/ cross-sectional area (22) . Owing to this lack of fully developed membrane systems, the transient increase in intracellular Ca 2ϩ is smaller in amplitude and slower in duration in neonatal cardiac myocytes compared with adults (31). Moreover, especially during embryonic life and during the stress of being born, neonatal myocytes function in relatively hypoxic environments.
There is substantial evidence that the expression of ssTnI in the neonate serves to render myofilaments sensitive to Ca 2ϩ and insensitive to hypoxia/acidosis (4, 31, 33) . This isoform switching makes sense in that the relatively high sensitivity to Ca 2ϩ and low sensitivity to hypoxia/acidosis is important in the embryonic/neonatal heart to maintain systolic pressure development. The data reported here emphasize that these specialized properties are due not only to differences in isoforms but also to differences in sarcomeric protein phosphorylation. The lack of phosphorylation sites on ssTnI also appears significant in that the phosphorylation of cTnI depresses myofilament sensitivity to Ca 2ϩ (17, 30) . Our determination of phosphorylation levels of MyBP-C, Tm, and MLC2 also indicates that modifications in the neonatal heart likely provide a mechanism for the sustaining of systolic force.
The complexity in sites and levels of phosphorylation as well as a lack of functional information with regard to specific sites make it difficult to speculate as to the functional significance of the alterations in MyBP-C with development. However, the relative higher levels of phosphorylation at Ser 295 and Ser 315 generally fit with our hypothesis that posttranslational modifications and the isoform population of neonatal sarcomeric proteins protects the heart from acidosis and hypoxia. Hearts of transgenic mice expressing a phosphorylation mimetic mutant of MyBP-C in which three Ser residues were replaced with Asp demonstrate significant protection against I/R injury (27) . Among these three sites, we only found that two sites, Ser 295 and Ser 315 , were increasingly phosphorylated in the neonatal heart, suggesting a role in the protection from hypoxia and acidosis. The potential significance of phosphorylation at the other sites (Ser 286 , Ser 297 , and Ser 320 ) awaits further investigation.
In the case of Tm, there is evidence that the relatively higher levels of Tm phosphorylation in the neonate promote increased force generation by myofilaments. In a study comparing wildtype mouse hearts to hearts expressing an upstream activator of p38 MAPK, we (34) reported a strong correlation between levels of Tm phosphorylation and maximum force generation and the acto-myosin ATPase rate. Our data indicated that relatively low levels of phosphorylation of Tm reduce the number of cross-bridges reacting with the thin filament at any given level of Ca 2ϩ (34) . A solution study (13) of the ATPase rate of myosin reacting with reconstituted thin filaments also indicated an increase in the relative ATPase rate with relative increases in Tm phosphorylation. Evidence that neonatal hearts express a relative abundance of Tm kinase fits with our findings, and indirect evidence of the effect of Tm phosphorylation on force generation indicated an important role in the maintenance of function in the immature heart.
The relative lower phosphorylation level of MLC2 in neonatal versus adult hearts is likely due to relatively low levels of Ca 2ϩ flux during the beat of the neonatal heart and thus relatively low levels of activation of MLC kinase activity by Ca 2ϩ -calmodulin. Phosphorylation of MLC2 has been reported to increase myofilament sensitivity to Ca 2ϩ (23) , and the relatively low level of MLC2 phosphorylation in the neonatal versus adult hearts would tend to reduce systolic force generation. However, it is evident that the isoform switching and altered phosphorylation of thin filament regulatory proteins offsets the lack of influence of MLC2 phosphorylation on myofilaments.
